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Abstract

Different alcohol drinking patterns, involving either small and frequent drinking bouts or large and
long-lasting bouts, are found to differentially affect the risk for developing alcohol-related
diseases, suggesting that they have different underlying mechanisms. Such mechanisms may
involve orexigenic peptides known to stimulate alcohol intake through their actions in the
hypothalamic paraventricular nucleus (PVN). These include orexin (OX), which is expressed in
the perifornical lateral hypothalamus, and galanin (GAL) and enkephalin (ENK), which are
expressed within as well as outside the PVN. To investigate the possibility that these peptides
affect different aspects of consumption, a microstructural analysis of ethanol drinking behavior
was performed in male, Sprague-Dawley rats trained to drink 7% ethanol and implanted with
guide shafts aimed at the PVVN. While housed in specialized cages containing computerized intake
monitors (BioDAQ Laboratory Intake Monitoring System, Research Diets Inc., New Brunswick,
NJ) that measure bouts of ethanol drinking, these rats were given PVN injections of OX (0.9
nmol), GAL (1.0 nmol), or the ENK analog D-Ala2-met-enkephalinamide (DALA) (14.2 nmol),
as compared to saline vehicle. Results revealed clear differences between the effects of these
peptides. While all 3 stimulated ethanol intake, they had distinct effects on patterns of drinking,
with OX increasing the number of drinking bouts, GAL increasing the size of the drinking bouts,
and DALA increasing both the size and duration of the bouts. In contrast, these peptides had little
impact on water or food intake. These results support the idea that different peptides can increase
ethanol consumption by promoting distinct aspects of the ethanol drinking response. The
stimulatory effect of OX on drinking frequency may be related to its neuronally stimulatory
properties, while the stimulatory effect of GAL and ENK on bout size and duration may reflect a
suppressive effect of these neuronally inhibitory peptides on the satiety-controlling PVN.
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Introduction

Alcohol drinking can lead to various medical diseases, including cirrhosis of the liver,
hepatitis, and heart disease (Koob & Le Moal, 2006; Zakhari & Li, 2007). Accumulating
evidence suggests that these diseases are associated not only with the total amount of
alcohol consumed but also with specific patterns of drinking that may involve either a high
frequency of drinking bouts or a large size and duration of drinking bouts (Zakhari & Li,
2007). These different patterns of alcohol consumption are found to have differential effects
on liver function (Kamper-Jgrgensen, Grgnbaek, Tolstrup, & Becker, 2004; Stranges et al.,
2004) and coronary heart disease (Dorn et al., 2003), underscoring the importance of
understanding the specific brain mechanisms that mediate them. Patterns of alcohol drinking
are also found to be differentially responsive to therapeutic drugs, with some medications
more effective in preventing the relapse to consuming alcohol, which corresponds with the
initiation or frequency of intake, and others more effective in suppressing chronic excessive
drinking, which relates to the size and duration of drinking bouts (Mann, Lehert, & Morgan,
2004; O’Malley, Krishnan-Sarin, Farren, Sinha, & Kreek, 2002; Ooteman, Koeter, Verheul,
Schippers, & van den Brink, 2007). While there is indirect evidence suggesting that the
specific drugs which prevent relapse or reduce ongoing drinking act through different
neurochemical systems in the brain (Mann, Lehert, & Morgan, 2004; Ooteman et al., 2007),
there are few studies to date that have directly examined particular neurochemicals in the
brain in terms of their role in mediating specific characteristics of alcohol drinking patterns.

The available evidence that may help in understanding the mechanisms mediating specific
aspects of alcohol consumption comes from studies of orexigenic peptides and their effects
on patterns of eating behavior (Baird et al., 2009; Clifton, 2000; Glass, Grace, Cleary,
Billington, & Levine, 2001). Analyses of meal frequency and meal size have implicated
specific hypothalamic peptides in the appetitive (frequency) or consummatory (size) aspects
of feeding (Berthoud & Miinzberg, 2011), suggesting that these peptides promote eating
through different actions. In particular, the peptide orexin/hypocretin (OX), which is closely
associated with appetitive behavior (Harris & Aston-Jones, 2006), has with
cerebroventricular administration been shown to enhance sucrose consumption by increasing
the frequency of its intake (Baird et al., 2009). This is in contrast to the peptides galanin
(GAL) and enkephalin (ENK), which are known to be important promoters of
consummatory behavior (Leibowitz & Wortley, 2004; Naleid, Grace, Chimukangara,
Billington, & Levine, 2007) and have been shown with agonist injections to suppress satiety
signals (Kehr et al., 2002; Ogren et al., 1998; Rada, Mark, & Hoebel, 1998) and with
antagonist injections to specifically decrease meal size and duration (Glass et al., 2001;
Kirkham & Blundell, 1987).

These 3 peptides have also been found to stimulate ethanol consumption when administered
in the medial hypothalamus (Barson et al., 2010; Schneider, Rada, Darby, Leibowitz, &
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Hoebel, 2007). These studies of eating patterns lead us to ask whether they can similarly
affect different patterns of ethanol drinking, with OX primarily stimulating the frequency of
drinking bouts, and GAL and ENK stimulating the size and/or duration of bouts. This
possibility receives indirect support from studies examining the paraventricular nucleus of
the hypothalamus (PVN), an important satiety center (Leibowitz & Alexander, 1998;
Leibowitz & Wortley, 2004). With OX from the perifornical lateral hypothalamus known to
increase arousal (Kiwaki, Kotz, Wang, Lanningham-Foster, & Levine, 2004) and to be
neuronally stimulatory (de Lecea et al., 1998; Sakurai et al., 1998), this peptide in the PVN
may act to initiate drinking bouts. In contrast, with GAL and ENK known to be neuronally
inhibitory (Barson, Morganstern, & Leibowitz, 2013; Nicoll, Siggins, Ling, Bloom, &
Guillemin, 1977), these peptides may disinhibit activity within the PN and consequently
increase the size or duration of drinking bouts. Thus, while all 3 hypothalamic peptides act
to promote consummatory behavior, they likely do so by affecting different aspects of this
behavior.

The present study used the BioDAQ system, an automatic episodic intake monitor, to
investigate the role of these hypothalamic peptides in controlling specific patterns of ethanol
drinking. Sprague-Dawley rats were first trained to voluntarily consume 7% ethanol. After
hypothalamic injection of OX, GAL, or ENK compared to saline vehicle, they were then
examined over a 3-h period for changes in the frequency, average size, and average duration
of their ethanol drinking bouts, as well as their intake of food and water, which were
simultaneously available. All 3 peptides were tested after injection in the PVN, where they
have been shown to be endogenously released (Barson, Chang, Poon, Morganstern, &
Leibowitz, 2011; Beck & Max, 2007; Chang et al., 2007; Peyron et al., 1998) and to have a
stimulatory effect on overall ethanol intake (Barson et al., 2010; Schneider et al., 2007). The
results obtained with this microstructural analysis revealed clear differences between these
peptides in their effects on patterns of ethanol consumption.

Materials and methods

Subjects

Adult male Sprague-Dawley rats (N = 24), weighing 225-250 g at the start of the
experiments, were obtained from Taconic Farms (Germantown, NY). They were
individually housed in hanging wire cages or plastic shoebox cages with a wired floor insert,
and maintained on a reversed 12:12-h light/dark cycle, with lights off at 6:00 AM. Subjects
had ad libitum access to water, either through an automatic piping system or through
graduated cylinders with non-drip sippers (Integrated Laboratory Equipment, Fort Smith,
AR) after ethanol had been introduced. They had ad libitum access to chow (LabDiet 5001
Rodent Chow, St. Louis, MO) prior to ethanol training. Once ethanol training began, access
to chow was restricted to 12 h per day (along with ethanol) in order to increase ethanol
intake. Animals were allowed 1 week to acclimate to the facility before experiments were
initiated. All procedures were approved in advance by the Princeton University Institutional
Animal Care and Use Committee, and conformed to the National Institutes of Health
guidelines on the ethical use of animals.
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Ethanol training

Surgery

As in our previous publications (Chen, Barson, Chen, Hoebel, & Leibowitz, 2013; Chen,
Morganstern, Barson, Hoebel, & Leibowitz, 2013), subjects were trained to drink ethanol by
gradually acclimating them to unsweetened ethanol, increasing the concentration every 4
days, from 1, 2, 4, to 7% (v/v). Animals were allowed access to ethanol solution for 12 h per
day, along with ad libitum water and cycled chow, starting 3 h into the dark period. Using
this procedure, animals can consume an average of 1.09 £ 0.13 g/kg in 3 h and 2.50 + 0.51
g/kg over a 12-h period. Injection tests were begun after the subjects had at least 11 days of
access to 7% ethanol.

Subjects were anesthetized using ketamine (80 mg/kg, intra-peritoneally [i.p.]) and xylazine
(10 mg/kg, i.p.), supplemented with ketamine when necessary. Guide shafts (10 mm in
length) made of 21-gauge stainless steel were implanted perpendicularly and unilaterally in
the midline, aimed at the PVN (A: -1.8; L: + 0.4; V: 3.8 mm) with reference to bregma, the
midsagittal sinus, and the level skull surface. Injectors protruded 4.5 mm beyond the guide
shafts to reach the PVN (V: 8.3 mm). Subjects received cannulation surgeries after having at
least 4 days of access to 7% ethanol, and they were given at least 1 week of post-surgery
recovery before microinjections. Other than the time of injections, stainless-steel stylets
were left in the guide shafts to prevent occlusion.

Microinjection procedures

All solutions were delivered through concentric microinjectors made of 26-gauge stainless
steel, with fused-silica tubing inside (74 um ID, 154 ym OD; Polymicro Technologies,
Phoenix, AZ) that protruded 2.5 mm beyond the stainless steel part of injectors to reach the
PVN (V: 8.3 mm). Doses were chosen based on the ethanol literature (Barson et al., 2010;
Schneider et al., 2007), and on pilot tests. The following drugs were used: i) orexin-A (0.9
nmol); ii) galanin (1.0 nmol); iii) D-Ala2-met-enkephalinamide (DALA, 14.2 nmol). Drugs
were purchased from Sigma-Aldrich Co. (St. Louis, MO; galanin and orexin-A) or
American Peptide Co., Inc. (Sunnyvale, CA; DALA). During pilot testing, a lower dose of
each drug was tested and found not to significantly change overall consumption of ethanol;
therefore, only the higher dose was tested for microstructural effects. Drugs were dissolved
in preservative-free 0.9% NaCl solution (Hospira Inc., Lake Forest, IL) and prepared fresh
immediately prior to microinjection. To minimize stress, animals were handled on an almost
daily basis throughout their ethanol training prior to the initiation of microinjections.
Injection tests were counterbalanced in a within-subject design, so that each animal received
vehicle or drug in opposing order on 2 consecutive days. In the 8 animals tested with 2 drugs
(e.g., orexin vs. saline and galanin vs. saline), at least 1 week of recovery was given between
the tests, and the order of the tests was counterbalanced. While individual intake after
vehicle injection was stable between the tests (Pearson product-moment correlation
coefficient = 0.85, p < 0.01), there was variability in the intake of the whole groups between
the tests as they were composed of different subjects. Injections were given immediately
prior to daily ethanol presentation. They were made using a syringe pump, which delivered
0.5 pL during 47 sec at a flow rate of 0.6 uL/min, as previously published (Chen, Barson, et
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al., 2013; Chen, Morganstern, et al., 2013). The microinjectors were left in place for another
47 sec to allow diffusion of the solution into the injection site. The intake of ethanol, food,
and water was measured for 3 h after the injections, with ethanol being measured
automatically by an episodic monitoring system (BioDAQ Laboratory Intake Monitoring
System, Research Diets Inc., New Brunswick, NJ) and food and water measured manually at
1h,2h,and 3 h.

Episodic ethanol intake measurement

Histological

To examine the effects of the peptides on the microstructure of ethanol drinking, the
BioDAQ Laboratory Intake Monitoring System was modified to measure episodic ethanol
intake behavior. In this system, plastic bottles containing 7% ethanol were placed on the
hoppers, which in turn were mounted on electronic strain-gauge load cells to measure
ethanol intake. The hopper assembly, with bottle and ethanol contents, was weighed 50
times per second (accurate to 0.01 g), and a mean and standard deviation (S.D.) over
approximately 1 sec was calculated by computer. The computer was programmed such that
drinking behavior was signaled by a fluctuation in the hopper weight (defined as a S.D. >
2000 mg) caused by the animal’s drinking. The end of a drinking response was signaled
when the hopper was left undisturbed for 1 min, and the duration of the drinking response
and amount consumed (initial minus final hopper weight) was calculated. Each ethanol
drinking bout was defined as having at least a 600 sec inter-meal interval and an overall
consumption of at least 0.1 g. These criteria are similar to those used in microstructural
analysis of liquid intake (Baird et al., 2008; Davis & Smith, 1992). Information about each
drinking bout, with measures of drinking duration and amount consumed, was exported to a
central laptop. During the experiment, the rats were housed individually in specialized cages
connected to the computerized BioDAQ monitoring system and were allowed to acclimate
for 1 week prior to the start of the injection tests. The ethanol drinking patterns (number of
drinking bouts, volume, and duration) during the first 3 h after injection were automatically
recorded by the system, and the data obtained were then exported to Microsoft Excel for
further analysis.

analysis

To verify the site of microinjection, rats were sacrificed by rapid decapitation. Their brains
were sliced using a freezing microtome as 40-um coronal sections and were examined
microscopically. Six animals had probes 0.5 mm or farther from the target region and were
removed from the analysis.

Data analysis

Cumulative ethanol, food, and water intake at the end of the 3-h measurement period was
measured by paired, 2-tailed t tests. Ethanol intake measures across each hour (intake,
number of drinking bouts, duration of bouts, and size of bouts) was measured via 2-way
repeated-measures ANOVA, with drug and time as within-subject factors. As the behavioral
effects of peptides such as opioids have been shown to vary over time (Barson et al., 2010;
Craft, 2008), an a priori decision was made to follow up the ANOVAs with tests of the
simple effects at each time point (using paired, 2-tailed t tests) regardless of significance.
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Values of p < 0.05 were considered significant. Data from animals consuming little or no
ethanol on measurement days (less than 0.25 g/kg during 3 h) were excluded. Data in the
figures are expressed as mean = standard error of the mean.

Experiment 1: PVN OX injection increases ethanol intake by increasing the frequency of
drinking bouts

Using the BioDAQ system, we examined the microstructure of ethanol drinking behavior
during the first 3 h after microinjection of OX in the PVN, a peptide that projects to this
nucleus from neurons localized in the perifornical lateral hypothalamus. The specific
injection sites for this study are illustrated in Fig. 1. In rats trained to voluntarily drink 7%
ethanol (n = 8), analysis of cumulative ethanol intake showed that OX in the PVN (0.9
nmol) tended to increase overall ethanol intake across the 3-h recording time (t = 1.8, df = 7,
p =0.11) (Fig. 2A), while having no effect on intake of water (t =0.9, df =7, p=0.42) or
food (t=1.0, df =7, p=0.37) (Table 1). Examination of ethanol intake across each hour
revealed a trend for a main effect of drug [F(l,7) = 3.26, p = 0.11] as well as for an
interaction effect between drug and time [F(2,14) =2.81, p = 0.09]. Specifically, ethanol
drinking significantly increased during the first hour post-injection (t = 4.4, df =7, p< 0.01)
(Fig. 2A) but not during the second (t = 0.6, df =7, p=0.58) and third (t=1.1,df=7,p=
0.32) hours. Further analysis of the data across each hour also revealed a small trend for an
interaction effect between drug and time in the number of the drinking bouts [F(2,14) =
1.87, p = 0.19], with a significant increase occurring in the first hour after OX injection (t =
3.4,df =7, p=0.05) (Fig. 2B), although there was not a significant main effect on this
measure [F(1,7) = 0.18, p = 0.69]. Importantly, there were no significant main or interaction
effects observed for average size of the ethanol drinking bouts (main effect: [F(1,7) = 0.46, p
= 0.52]; interaction effect: [F(2,14) = 1.81, p = 0.20]). In addition, there were no significant
main or interaction effects observed for duration of the ethanol drinking bouts (main effect:
[F(1,7) = 1.67, p = 0.23]; interaction effect: [F(2,14) = 0.58, p = 0.57]). These results
demonstrate that OX in the PVVN enhances ethanol consumption by initiating more ethanol
drinking responses.

Experiment 2: PVN GAL injection increases ethanol intake by increasing the size of
drinking bouts

This experiment examined the effect of another hypothalamic peptide, GAL, which is both
transcribed and released in the PVN. Injection of GAL (1.0 nmol) in the PVN of ethanol-
drinking rats (n = 8) significantly increased cumulative ethanol intake by the end of 3 h (t =
2.6, df =7, p<0.05) (Fig. 3A), while having little impact on water intake (t=0.3,df=7,p
= 0.98) and showing a tendency toward an increase in food consumption (t=2.0,df=7,p=
0.08) (Table 1). In examining hourly ethanol intake, there was a significant main effect of
drug [F(1,7) = 9.67, p < 0.05] as well as a small trend for an interaction effect between drug
and time [F(2,14) = 2.25, p = 0.14], with an increase in ethanol drinking after GAL injection
apparentatboth 1 h (t=3.9,df =7, p<0.01) and 3 h (t =2.5, df = 7, p < 0.05) post-
injection (Fig. 3A). While GAL compared to vehicle had no main or interaction effect
during this time on the number of drinking bouts (main effect: [F(1,7) = 0.78, p = 0.41];
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interaction effect: [F(2,14) = 0.11, p = 0.90]) or duration of the bouts (main effect: [F(l,7) =
2.04, p = 0.20]; interaction effect: [F(2,14) = 1.48, p = 0.26]), it was found to significantly
increase the size of the ethanol drinking bouts (main effect: [F(1,7) = 7.45, p < 0.05];
interaction effect: [F(2,14) = 0.20, p = 0.82]). This effect occurred predominantly in the first
hour (t = 3.5, df = 7, p < 0.01), although there was also a small trend in the second hour
post-injection (t = 2.0, df =7, p=0.09) (Fig. 3B). These results demonstrate that, in contrast
to OX, PVN GAL has a stimulatory effect specifically on the size of ethanol drinking bouts,
without changing the frequency or duration of bouts or the ingestion of water or food.

Experiment 3: PVN ENK injection increases ethanol intake by increasing the size and
duration of drinking bouts

This experiment used the ENK analog, DALA, to examine the effect of ENK in the PVN
where, like GAL, this peptide is both transcribed and released. In ethanol-drinking rats (n =
8), PVN injection of DALA (14.2 nmol) significantly increased cumulative ethanol intake
by the end of the 3 h (t = 4.6, df = 7, p < 0.05) (Fig. 4A), while leaving unaffected both
water (t = 1.0, df = 7, p=0.33) and food intake (t = 0.1, df =7, p = 0.96) (Table 1).
Examining hourly intake, for which there was a significant main effect of drug [F(1,7) =
20.33, p < 0.01] as well as a significant interaction effect between drug and time [F(2,14) =
7.96, p < 0.01], this increased ethanol drinking occurred during the first hour post-injection
(t=4.3,df =7, p<0.01) (Fig. 4A). As with GAL, injection of DALA compared to vehicle
had no significant effect on the number of ethanol drinking bouts (main effect: [F(1,7] =
3.32, p = 0.11]; interaction effect: [F(2,14) = 2.26, p = 0.14]). Whereas DALA also had no
main effect across the 3 h on the size [F(l,7) = 1.32, p=0.29] or duration [F(1,7) =0.21, p =
0.66] of the bouts, it did produce significant interaction effects with time for the measures of
both size [F(2,14) = 7.30, p < 0.01] and duration [F(2,14) = 7.19, p < 0.01]. Specifically,
during the first hour post-injection, DALA increased the size of the ethanol drinking bouts (t
=3.0,df =7, p< 0.05) and the duration of the bouts (t = 2.8, df = 7, p < 0.05) (Fig. 4B).
Taken together, these results show that ENK is similar to GAL in the PVN in enhancing
ethanol consumption, but not water or food intake, primarily by increasing the size of
ethanol drinking bouts. Unlike GAL, however, it additionally causes an increase in the
duration of these bouts.

Discussion

This microstructural analysis of specific components of voluntary ethanol drinking shows
that, in controlling ethanol intake through their actions in the PVN, the peptides OX, GAL,
and ENK each have unique effects on the patterns of drinking. These findings provide the
first evidence supporting the idea that specific aspects of ethanol drinking are mediated by
different neurochemical mechanisms, with some of them more involved in the initiation of
drinking and others more involved in the prolongation of drinking.

Orexin in the PVN stimulates frequency of ethanol drinking

The peptide OX is known to have a stimulatory effect on the intake of drugs of abuse,
including the drinking of ethanol (Aston-Jones et al., 2010), and this effect has been
demonstrated with injection of OX directly into the PVVN (Schneider et al., 2007). The
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results of the present study confirm this finding and, with microstructural analysis,
additionally show that this OX-induced ethanol drinking response is achieved through an
increase in the frequency of drinking bouts evident during the first hour after injection. This
suggests that OX, which is expressed in the perifornical lateral hypothalamic area known to
be responsible for meal initiation (Rada, Mendialdua, Hernandez, & Hoebel, 2003), is also
important in the initiation of ethanol drinking behavior. This is consistent with published
studies showing central injection of this peptide to stimulate the frequency of licking for a
sucrose solution (Baird et al., 2009) and showing that the integrity of the OX system is
important for the reinstatement of ethanol seeking (Aston-Jones et al., 2010; Lawrence,
Cowen, Yang, Chen, & Oldfield, 2006). Together with evidence that OX-ablated mice fail
to exhibit anticipatory behaviors that normally precede the initiation of food consumption
(Akiyama et al., 2004; Mieda et al., 2004; Mistlberger, Antle, Kilduff, & Jones, 2003;
Mizushige et al., 2006), our results demonstrate a distinct role for OX in initiating bouts of
ethanol drinking.

Galanin and enkephalin in the PVN increase the size of ethanol drinking bouts

The peptides GAL and ENK have been shown to stimulate ethanol drinking when injected
into the cerebral ventricles or directly into the PVVN (Barson et al., 2010; Lewis, Johnson,
Waldman, Leibowitz, & Hoebel, 2004; Rada, Avena, Leibowitz, & Hoebel, 2004). Our
results confirm these findings with PVVN injections, showing that both peptides increase total
ethanol consumption within the first 3 h after injection. With the microstructural analysis,
they additionally demonstrate that this greater intake after both GAL and ENK is due to a
significant increase in the size of the ethanol drinking bouts, with no change in the number
of drinking bouts, and that after ENK, there is also an increase in the duration of the
drinking bouts. This finding with GAL, suggesting that it enhances drinking specifically by
increasing bout size, is consistent with evidence that a peripherally administered GAL-3
receptor antagonist decreases ethanol consumption only during initial ethanol access, by
reducing the number of earned ethanol rewards specifically during the first 5 min of a 20-
min session (Ash, Zanatta, Williams, Lawrence, & Djouma, 2011). The role of ENK in
increasing both the size and duration of ethanol drinking bouts is consistent with evidence
showing that the feeding-suppressive effect of ENK antagonists is due to a reduction in meal
size and duration with no change in meal frequency (Glass et al., 2001; Kirkham &
Blundell, 1987), and also that p-opioid receptor stimulation in the accumbens shell increases
the duration of licking for a lipid emulsion (Katsuura, Heckmann, & Taha, 2011). The
present result, showing that GAL increases bout size without significantly affecting
duration, suggests that the effect of GAL might have occurred through an increase in the rate
of drinking. While no studies to date have examined this phenomenon, one finding that
indirectly supports this possibility is that transgenic mice overexpressing GAL show higher
levels of spontaneous locomotor activity (Kuteeva, Hokfelt, & Ogren, 2005) that might lead
them to a higher rate of consumption. Thus, the evidence suggests that, in controlling the
drinking of ethanol, both GAL and ENK in the PVN have a more important role in
increasing ongoing ethanol drinking rather than in initiating this behavior.
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Possible implications for clinical medications and the control of long-term drinking

The differences observed here in the peptide systems’ control of ethanol drinking patterns
may help to elucidate the mechanisms mediating the differential efficacy of various drugs in
treating the different aspects of alcoholism, specifically relapse (initiation) or ongoing
excessive drinking (prolongation). For example, our results showing that OX in the PVN
acts to initiate ethanol drinking may explain, in part, the specific efficacy of OX antagonists
in preventing the reinstatement of ethanol-seeking behavior (Lawrence et al., 2006).
Notably, studies have shown that repeated injections of OX, while initially stimulating food
intake, subsequently cause a compensatory inhibition that ultimately leaves overall intake
unaffected (Novak & Levine, 2009; Yamanaka, Sakurai, Katsumoto, Yanagisawa, & Goto,
1999). In addition, the expression of OX, while stimulated by short bursts of ethanol intake
or acute ethanol administration, is suppressed by chronic consumption of ethanol
(Morganstern et al., 2010). This pattern with OX contrasts markedly with that seen with
GAL and ENK, which when repeatedly injected can continue to enhance food intake
(Jalowiec, Panksepp, Zolovick, Najam, & Herman, 1981; Yun et al., 2005), and, with
chronic exposure to ethanol, still show increased endogenous expression (Chang et al.,
2007). Together with the present findings, this evidence suggests that the OX system may
play a more important role in initiating alcohol drinking responses, while GAL and ENK act
to sustain an already established drinking response. Given the extensive literature linking
them with eating behavior, it is notable that these peptides in the present experiments
affected ethanol rather than food intake. We have also found this to be the case in a number
of our previous studies involving animals trained to drink ethanol (see, for example, Barson
et al., 2010; Schneider et al., 2007). Therefore, we propose that the availability of ethanol
may mask or supplant any effects on feeding behavior induced by PVN peptide injections.

Conclusions

The results of this microstructural analysis reveal some similarities between GAL and ENK,
as well as differences between these peptides themselves and between them and OX, in
terms of their role in mediating distinct patterns of ethanol drinking. They underscore the
importance of performing such analyses, to elucidate the mechanisms which underlie
specific drinking patterns that differentially affect health conditions and which contribute to
initial drinking compared with chronic overconsumption. Further efforts to identify such
mechanisms may help to determine the appropriate medications for treating patients with
specific patterns of alcohol drinking or at different stages of alcohol use disorders.
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Figure 1.
Injection sites from animals included in the analysis, as indicated by black dots. Adapted

from The Rat Brain, compact 6th edition, G. Paxinos and C. Watson, Copyright 2007, with
permission from Elsevier.
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Figure 2.
A. Injection of orexin (0.9 nmol) into the paraventricular nucleus of the hypothalamus of

ethanol-drinking rats (n = 8) increased ethanol consumption during the first hour post-
injection. B. Injection of orexin significantly increased the number of ethanol drinking
bouts, while leaving the size and duration of bouts relatively unaffected. Values are mean +
S.EM.; **p<0.01, *p<0.05.
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A. Injection of galanin (1.0 nmol) into the paraventricular nucleus of the hypothalamus of
ethanol-drinking rats (n = 8) significantly increased ethanol consumption over the 3 h post-
injection. B. Injection of galanin significantly increased the size of ethanol drinking bouts,

leaving the number and duration of the bouts relatively unaffected. Values are mean +

S.EM.; **p<0.01, *p<0.05.
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Figure 4.
A. Injection of the enkephalin analogue D-Ala2-met-enkephalinamide (DALA, 14.2 nmol)

into the paraventricular nucleus of the hypothalamus of ethanol-drinking rats (n = 8)
significantly increased ethanol consumption. B. Injection of DALA significantly increased
the size and duration of ethanol drinking bouts, leaving the number of bouts relatively
unaffected. Values are mean = S.E.M.; **p < 0.01, *p < 0.05.

Alcohol. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Chenetal.

Table 1

Page 20

Food and water intake was not significantly affected by injections of the peptides into the paraventricular
nucleus of the hypothalamus.

Nutrient Hour 1 Hour 2 Hour 3 Total
Food (g)

Vehicle 32+05 11+£01 1702 6.0+05
Galanin (1.0nmol) 4.4+09 13%02 1702 7409
Water (ml)

Vehicle 25+x04 14x03 18+02 5707
Galanin (1.0 nmol) 32+05 11+02 14+02 57+06
Food (g)

Vehicle 63+08 14+05 16+05 94+07
DALA (142nmol) 69%+08 06+05 18+05 9407
Water (ml)

Vehicle 94+11 40%x10 33x08 16717
DALA (142nmol) 75+20 35+07 35+11 145+32
Food (g)

Vehicle 53+08 14+08 16+04 83x07
Orexin (0.9 nmol) 78+13 18%07 06+03 102%13
Water (ml)

Vehicle 69+15 46%x14 45+x11 160x32
Orexin (0.9 nmol) 75+19 56+14 4509 178%36
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